Abstract-There is a need for on-site and real time detection of organophosphate pesticides in aqueous environments. This work proposes the use of polymer coated shear horizontal surface acoustic wave (SH-SAW) sensors as a sensing platform for detection of organophosphate pesticides in aqueous environments. The chemically sensitive polymer coatings BPA-HMTS and BPA-PDMS, synthesized in-house, and the commercially available polymer PECH, were chosen as sensor coatings for organophosphate detection. The polymers are characterized at various thicknesses (0.25μm and 0.50μm) for their selectivity and sensitivity towards parathion, parathionmethyl, and paraoxon. A sensor array is designed for analyte identification and quantification using both steady-state and transient response information. Analyte identification is performed using a visual pattern recognition technique based on radial plots for the analytes at concentrations from 0.5mg/L to 3.0mg/L. It is shown that using the absorption time constant, which is unique to a given analyte-coating pair, in conjunction with steady-state frequency shifts permits direct identification and quantification of organophosphate pesticides in liquid-phase at low-ppm and sub-ppm concentrations.
INTRODUCTION
Hazardous contaminants in groundwater and surface water can have a serious effect on public health. One of the most common types of contaminants is pesticides, including organophosphate pesticides, which are used by the agroindustry due to their potency and effectiveness to kill insects. Although this class of contaminants is highly efficient as pesticides, they can reside in the environment and seep through the soil, and enter groundwater. Because of their solubility in water, they can easily be absorbed into the human body [1, 2] . Organophosphates have toxic effects on the human body, in particular the brain and nervous system [3] . Due to their high toxicity level, the US Environmental Protection Agency banned the use of organophosphates indoors and continues to monitor their output in industrial and agricultural settings. Current means of detection for organic compounds are time consuming, costly, and require samples to be collected and taken to the lab for analysis [4] . This procedure may also be inadequate because of loss of information during transportation. Therefore, there is a critical need for a portable, low cost sensor for on-site, real time detection of organophosphate pesticides in groundwater and surface water.
In this work, an array of polymer coated shear horizontal surface acoustic wave (SH-SAW) devices is used as sensing platform for identification and quantification of organophosphates in water. SH-SAW is the most promising and sensitive type of acoustic waves for liquid-phase sensing [5] . The polymers used as partially chemically selective coatings on the SH-SAW devices are 2,2'-diallylbisphenol A -1,1,3,3,5,5-hexamethyltrisiloxane (BPA-HMTS), 2,2'-diallylbisphenol A-polydimethylsiloxane (BPA-PDMS), and polyepichlorohydrin (PECH). These polymers were chosen as effective sorbents for the target analytes, with desirable properties including high sensitivity, short response time, as well as reversible and reproducible response [6, 7] . The chemical contaminants tested are organophosphate-based compounds (parathion, parathion-methyl, and paraoxon).
The most important characteristics of a sensor are its sensitivity and selectivity. A chemical sensor array is used to increase selectivity and allow single analyte identification in multicomponent samples. An array of sensors was designed consisting of devices with different coatings and coating thicknesses (0.25μm and 0.50μm) to identify a target analyte and estimate its concentration. The time responses and steadystate frequency shifts were extracted from the response curves and used as input parameters for data processing to achieve both analyte identification and quantification. The analyte identification was performed using visual pattern recognition techniques and analyte quantification was achieved using the same approach as in Ref. 8 . Fig. 1 shows the SH-SAW device used as a sensing platform in this work [9, 10] . This configuration uses a threelayer geometry: the liquid layer, polymer layer, and substrate. The device is fabricated on 36° rotated Y-cut, X-propagating Fig. 1 . Three layer acoustic wave sensor geometry lithium tantalate (LiTaO 3 ) with 10/80nm thick Cr/Au interdigital transducers (IDTs) with a wavelength of 40 μm, giving an operating frequency of 103 MHz. The polymer acts both as a sensing layer and waveguiding layer, trapping the acoustic energy of the SH-SAW to the surface of the device, thus making it more sensitive to surface perturbations. The liquid layer is considered to be a Newtonian fluid and contains the analyte. The particle displacement of a SH-SAW is parallel to the surface and perpendicular to the direction of propagation to avoid acoustic attenuation due to coupling to compressional waves in the adjacent liquid.
II. EXPERIMENTS

A. Sensor Design
B. Materials
Chloroform (99.8%), acetone (99%), methanol (99%), anhydrous toluene (99.8%), 2-propanol, monobasic dihydrogen phosphate, 1,1,3,3,5,5 hexamethyltrisiloxane (HMTS),
, poly(dimethylsiloxane), hydride terminated (PDMS), dibasic monohydrogen phosphate, parathion, parathion-methyl, and paraoxon were purchased from Sigma-Aldrich and used as supplied.
C. Polymer Synthesis
Hybrid organic/inorganic chemically sensitive layers BPA-HMTS and BPA-PDMS were synthesized using a hydrosilyation reaction [6, 7] and making modifications to a procedure reported by Grate et al [7] . BPA is an organic chemical that serves as the functional group for analyte/coating interaction [6] . HMTS and PDMS are inorganic chemicals that provide a porous polymer matrix for rapid analyte absorption [6] .
D. Measurement Procedure
Before depositing the film, the devices are first cleaned for 3 min in ultrasonic baths of chloroform, acetone, and 2-propanol, respectively. The devices are then rinsed with Milli-Q de-ionized (DI) water and dried with nitrogen. Afterwards, BPA-HMTS, BPA-PDMS, and PECH solutions were prepared in chloroform and spin coated at using a P6708D spin coater (Specialty Coating Systems) to obtain 0.25 μm and 0.5 μm-thick layers. The coated device was allowed to dry at room temperature 21.7 -22.5 °C in a dessicator for at least 15 hours. The film thickness was calibrated using an ellipsometer (Gaertner Scientific L2WLSE544). Ellipsometer measurements were performed directly on the sensor device.
A reference solution was created by mixing phosphate buffer solution (PBS) with methanol. Afterwards, a concentrated solution of parathion, parathion-methyl, and paraoxon was prepared and diluted with the reference solution to obtain desired concentrations.
A typical experimental run is started by exposing the coated device to the reference solution at a flow rate of 0.70 mL/min until a stable baseline is obtained. The coated device is then exposed to various analyte concentrations. Between analyte exposures, the sensor response was returned to its initial value by flushing the flow-cell with the reference solution. The differential measurement thus reflects the sensor response due to perturbations caused by only analyte absorption.
III. DATA PROCESSING
The response curve (frequency shift) for each sample was modeled using an exponential fit, and the steady-state frequency shift and the response time were extracted [7, 10] . The steady state frequency shift is plotted against analyte concentration and modeled with a linear fit. The slope of the fit represents the sensitivity of the polymer to the analyte. The response times are specific to the polymer/analyte interaction.
For each sample, steady-state frequency shift and response time were extracted for each sensor analyte/coating pair, and the resulting data set was processed using pattern recognition techniques [11] . A sensor array can be created by combining multiple sensors coated with different chemically sensitive polymers on the same wafer. In this case, there are only a limited amount of coatings. Therefore, the coatings available were used at different coating thicknesses (0.25μm and 0.5μm) to provide additional information.
Analyte identification is performed using a visual pattern recognition technique based on radial plots for the analytes, parathion, paraoxon, and parathion-methyl, at concentrations from 0.5mg/L to 3.0mg/L. These specific radial plots are made using the steady-state frequency shifts and time responses of BPA-HMTS, BPA-PDMS, and PECH at a thickness of 0.5μm as the axes, providing a total of six parameters for analyte recognition.
Once the analyte is identified, a level-of-confidence algorithm is calculated to estimate the concentration of an unknown sample by quantifying the similarity between known response patterns and the response pattern of the unknown sample [11] . First, the distance in the six-dimensional space of sensor response parameters is calculated between the known sample and the unknown sample using
If the unknown sample shows a response pattern similar to that of the known sample, the distance between the two samples should be minimal. The certainty of the unknown pattern being identical to the known pattern can be quantified by a level of confidence parameter [11] ,
The level of confidence is normalized and defined between the values of 0 and 1, corresponding to least certain and most certain, respectively. Fig. 2 shows an example of the frequency response when BPA-HMTS 0.5μm is exposed to various concentrations of parathion-methyl. Data were collected for all three polymers at both thicknesses, exposed to all three analytes. The sensitivities were calculated and recorded in Table I , and the following trends can be observed. The order in the sensitivities of the polymers to the analytes (from highest to lowest) is BPA-HMTS, BPA-PDMS, and PECH; for the analytes, the order is parathion, parathion-methyl, and paraoxon, respectively. In Table I , the sensitivities for PECH follow the (inverse) trend of analytes solubilities [7] as expected. However, for BPA-HMTS, parathion-methyl and paraoxon give similar sensitivities despite their very different solubilities [7] . This can be attributed to the hydrogen-bond interaction between paraoxon and BPA [7] . Such specific interactions between a coating and certain analytes will strongly contribute to the selectivity of the sensor array. demonstrated that single analyte identification is possible within the above concentration range using this approach. Fig. 4 shows the level of confidence for the measured test sample 2. It is apparent that the level of confidence for the test sample is maximum for 2.0mg/L of paraoxon, in agreement with its actual concentration and type of analyte. Fig. 5 shows the level of confidence for test sample 5 whose concentration was not measured and recorded within the test database. It was noted that the highest levels of confidence for the latter test sample were found for 1.5mg/L and 2.0mg/L, giving identical level-of-confidence values for these concentrations, thus correctly identifying the test sample as 1.75mg/L of parathion. The accuracy can be improved if more information is added to the data set. Additional tests were conducted, and in all cases the sample analyte concentrations were successfully quantified.
IV. RESULTS AND DISCUSSION
V. CONCLUSION
A chemical sensor array has been designed, using the partially selective coatings BPA-HMTS, BPA-PDMS, and PECH, for the successful rapid identification and quantification of organophosphates in aqueous solutions. These coatings, exhibited very different sensitivity levels, with parathion generally giving the highest sensitivity and paraoxon the lowest. This trend largely reflects the different solubilities of the analytes in water. However, despite the very different solubilities of the analytes parathion-methyl and paraoxon, their sensitivities are very similar for the coatings containing BPA. This is due to the strong hydrogen bond that occurs between the oxygen atom from the paraoxon with the hydroxide groups in BPA, while the sulfur atom in parathion and parathion-methyl does not show particularly strong interaction with BPA.
The polymers at a thickness of 0.5μm exhibited a higher sensitivity and therefore were chosen over the 0.25μm-thick polymers for the radial plots and level of confidence algorithm. The radial plots successfully indicated three different patterns for the three analytes and the level of confidence algorithm successfully estimated the concentrations of measured test samples (e.g. 2.0mg/L of paraoxon) and extrapolated response patterns for sample concentrations that were not included in the pattern recognition design database (e.g. 1.75mg/L of parathion).
These findings have important implications for the in-situ, real-time detection of organophosphate pesticides in groundwater. The described chemical sensor array can form the basis for a sensor system for the monitoring of groundwater and surface water for harmful chemicals and thus make a significant contribution to the protection of public health. Fig. 4 The level of confidence for test sample 2, points towards 2.0mg/L of paraoxon as predicted by a pattern recognition technique based on an algorithm which computes the distance between the test sample and the known patterns in the 6-dimensional response data space. Fig. 5 . The level of confidence for test sample 5, points towards 1.75mg/L of parathion as predicted by a pattern recognition technique based on an algorithm which computes the distance between the test sample and the knownpatterns in the 6-dimensional response data space.
